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Abstract 



The universality classes of the quantum Hall transitions are considered in 
terms of fractal sets of dual topological quantum numbers filling factors, la- 
belled by a fractal or Hausdorff dimension defined into the interval 1 < h < 2 
and associated with fractal curves. We show that our approach to the frac- 
tional quantum Hall effect-FQHE is free of any empirical formula and this 
characteristic appears as a crucial insight for our understanding of the FQHE. 
According to our formulation, the FQHE gets a fractal structure from the con- 
nection between the filling factors and the Hausdoff dimension of the quantum 
paths of particles termed fractons which obey a fractal distribution function 
associated with a fractal von Neumann entropy. This way, the quantum Hall 
transitions satisfy some properties related to the Farey sequences of rational 
numbers and so our theoretical description of the FQHE establishes a con- 
nection between physics, fractal geometry and number theory. The FQHE as 
a convenient physical system for a possible prove of the Riemann hypothesis 
is suggested. 

PACS numbers: 71.10.Pm, 05.30.-d, 73.43.Cd, 05.30.Pr 

Keywords: Fractal distribution function; Fractal von Neumann entropy; Frac- 
tons; Fractional quantum Hall effect. 
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I. INTRODUCTION 



The mathematical ideas about fractal geometry [1] have been applied in various contexts 
of physics, as in nonlinear and nonequilibrium phenomena [2]. Here, in this Chapter, we 
show that the fractional quantum Hall effect-FQHE [3] has a fractal-like structure such that 
the universality classes of the quantum Hall transitions constitute fractal sets labelled by 
the Hausdorff dimension defined within the interval 1 < h < 2 and associated with fractal 
curves ( continuous functions but nowhere differentiable ) of objects called fractons. These 
ones are charge-flux systems defined in two-dimensional multiply connected space and they 
carry rational or irrational values of spin. The topological meaning of the dual filling factors 
which characterizes the FQHE comes from the connection between the fractal dimension of 
the quantum paths of fractons and these quantum numbers. Thus, we have introduced a 
new geometric insight for understanding that phenomenon. 

Topological quantum numbers are insensitive to the imperfections of the systems and 
so the fractal dimension as a topological invariant makes robust the FQHE properties. By 
contrast, in the literature, some authors have considered the concepts of Chern numbers and 
Fredholm indices for the integer quantum Hall effect, but for the FQHE this research line is 
an open challenge. The Fredhom index is related to the creation and annihilation operators 
of many-body quantum mechanics and in some cases coincides with the Chern number [4]. 
The mathematical mechanism responsible for the FQHE has been also considered using some 
techniques of noncommutative geometry in connection with twisted higher index theory of 
elliptic operators on orbifold ( its definition generalizes the idea of a manifold ) covering 
spaces of compact good orbifolds, where the topological nature of the Hall condutance 
is stable under small deformations of a Hamiltonian, with the interaction simulates by the 
negative curvature of the hyperbolic structure of the model. The twisted higher index can be 
a fraction when the orbifold is not smooth and the topological invariant is namely the orbifold 
Euler characteristic [5]. The connection between the FQHE and topological Chern-Simons 
field theories is another route of investigation [6]. Therefore, our fractal approach offers 
a possible alternative for understanding some deeper mathematical and physical features 
underlying the FQHE [7-15]. 

Fractons satisfy a fractal distribution function associated with a fractal von Neumann 
entropy and they are classified in universal classes of particles or quasiparticles. Our for- 
mulation was introduced in [7] and in particular, we have found an expression which relates 
the fractal dimension h and the spin s of the particles, h — 2 — 2s, < s < |. This result is 
analogous to the fractal dimension formula of the graph of the functions, in the context of 
the fractal geometry, and given by: A(r) = 2 — H, where H is known as Holder exponent, 
with < H < 1 [1]. The bounds of the fractal dimension 1 < A(r) < 2 needs to be obeyed 
in order for a function to be a fractal, so the bounds of our parameter h are defined such 
that, for h — 1 we have fermions, for h = 2 we have bosons and for 1 < h < 2 we have 
fractons. The Holder exponent characterizes irregular functions which appears in diverse 
physical systems. For instance, in the Feynman path integral approach of the quantum 
mechanics, the fractal character of the quantum paths was just observed [2]. 

The fractal properties of the quantum paths can be extracted from the propagators of 
the particles in the momentum space [7,16] and so our expression relating h and s can once 
more be justified. On the other hand, the physical formula introduced by us, when we 
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consider the spin-statistics relation v = 2s, is written as ft = 2 — v, < is < 1. This way, a 
fractal spectrum was defined taking into account a mirror symmetry: 



h-l = l-v, < v < 1; ft, - 1 = v - 1, l<z/<2; 

ft - 1 = 3 - v, 2<z/<3; ft - 1 = v - 3, 3 < z/ < 4; etc. (1) 

The statistical weight for these classes of fractons is given by [7] 

Wlh „, = [G + (bG-1)(A-1)]I 

1 [nG]![G+(nG-l)(ft-l)-nG]! W 

and from the condition of the entropy be a maximum, we obtain the fractal distribution 
function 

n[k] = (3, 
The function y[£\ satisfies the equation 

C ~| h— 1 < \ 2— h 

, (4) 



with £ = exp {(e — /i)/KT}. We understand the fractal distribution function as a quantum- 
geometrical description of the statistical laws of nature, since the quantum path is a fractal 
curve as noted by Feynman and this reflects the Heisenberg uncertainty principle. The 
Eq.(3) embodies nicely this subtle information about the quantum paths associated with 
the particles. 

We can obtain for any class its distribution function considering the Eqs.(3,4). For 
example, the universal class ft = | with distinct values of spin j|,f,f, - ""j 3 , has a 
specific fractal distribution 



n 



(5) 



This result coincides with another one of the literature of fractional spin particles for the 
statistical parameter v = | [17], however our interpretation is completely distinct. This 
particular example, shows us that the fractal distribution is the same for all the particles into 
the universal class labelled by h and with different values of spin. Thus, we emphasize that in 
our formulation the spin-statistics connection is valid for such fractons. The authors in [17] 
never make mention to this possibility. Therefore, our results give another perspective for 
the fractional spin particles or anyons [6] . On the other hand, we can obtain straightforward 
the Hausdorff dimension associated to the quantum paths of the particles with any value of 
spin. 

We also have 



--1 



{\ h— 2 < \ h— 1 

©Ml -{©Ml , (6) 
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where 



is the single-particle partition function. We verify that the classes /i satisfy a duality symme- 
try defined by h = 3 — h. So, fermions and bosons come as dual particles. As a consequence, 
we extract a fractal supersymmetry which defines pairs of particles (s, s + |) . This way, 
the fractal distribution function appears as a natural generalization of the fermionic and 
bosonic distributions for particles with braiding properties. Therefore, our approach is a 
unified formulation in terms of the statistics which each universal class of particles satisfies, 
from a unique expression we can take out any distribution function. In some sense , we can 
say that fermions are fractons of the class h — 1 and bosons are fractons of the class h = 2. 
The free energy for particles in a given quantum state is expressed as 

F[h}= KT\nQ[y}. (8) 

Hence, we find the average occupation number 

n[h] = t^\ne[y\. (9) 

The fractal von Neumann entropy per state in terms of the average occupation number is 
given as [7,8] 



S G [h,n} = K 



m / 7 1X (l + (h-l)n\ . n . n (l + (h-2)n 
[1 + (h - l)n]\n< — \ - [1 + (h - 2)ra] In ' 



n n 



(10) 



and it is associated with the fractal distribution function Eq.(3). 

Now, as we can check, each universal class h of particles, within the interval of def- 
inition has its entropy defined by the Eq.(10). Thus, for fractons of the self-dual class 



■3- 








.2. 





'2 + n /n 2-n 



The Fermi and Bose statistics ( and the respective entropies, free energies ) associated to 
the universal classes of the fermions (h — 1) and bosons (h = 2) are recovered promptly. 

We have also introduced the topological concept of fractal index, which is associated 
with each class. As we saw, h is a geometrical parameter related to the quantum paths of 
the particles and so, we define [9] 

6 r l(T=oo) AC 

m = - 2 f , f MeCVtf)]}. ( 12 ) 

For the interval of the definition 1 < h < 2, there exists the correspondence 0.5 < if[h] < 1, 
which signalizes a connection between fractons and quasiparticles of the conformal field 
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theories, in accordance with the unitary c < 1 representations of the central charge. For v 
even it is defined by 



c[u] = if[h,v] — if h, 

and for v odd it is defined by 

c[u] = 2 x if[h,v] — if 



v 



h, 1 - 



(13) 



(14) 



where if[h, v\ means the fractal index of the universal class h which contains the particles 
with distinct values of spin. In another way, the central charge c[u] can be obtained using 
the Rogers dilogarithm function, i.e. 



with x u = 1 — x, u = 0,1,2, 3, etc. and 



L[x v ] 



(15) 



L[x] = 



2 Jo 



ln(l-y) In y 



+ 



dy, < x < 1. 



(16) 



Thus, we have established a connection between fractal geometry and number theory, given 
that the dilogarithm function appears in this context, besides another branches of mathe- 
matics [18]. 

Such ideas can be applied in the context of the FQHE. This phenomenon is characterized 
by the filling factor parameter /, and for each value of / we have the quantization of Hall 
resistance and a superconducting state along the longitudinal direction of a planar system 
of electrons, which are manifested by semiconductor doped materials, i.e., heteroj unctions 
under intense perpendicular magnetic fields and lower temperatures [3]. 

The parameter / is defined by / = N ^ , where N is the electron number, O is the 
quantum unit of flux and <fi is the flux of the external magnetic field throughout the sample. 
The spin-statistics relation is given by v = 2s = 2^-, where 0/ is the flux associated with 
the charge-flux system which defines the fracton (h,u). According to our approach there 
is a correspondence between / and v, numerically / = v. This way, we verify that the 
filling factors experimentally observed appear into the classes h and from the definition of 
duality between the equivalence classes, we note that the FQHE occurs in pairs of these 
dual topological quantum numbers. 



II. FRACTAL APPROACH TO THE FQHE 

In [14,15] we have considered recent experimental results and checked the validity of our 
fractal formulation to the FQHE. Another fractal approach to the FQHE was considered 
in [19]. We show that our formulation is free of any empirical formula, i.e., our theoretical 
description of the FQHE has a foundational basis connecting a fractal parameter h associated 
with the quantum paths and the spin s of fractons. Besides this, these particles obey a 
fractal distribution function associated with a fractal von Neumann entropy, as we discussed 
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earlier. On the other hand, the suggestion in [20] about the fractal-like structure to a deeper 
understanding of FQHE was antecipated by us [7-13], using properly concepts of the fractal 
geometry. 

Let us consider the filling factors suggested in [20-22] and the FQHE data [19,23-27] 
together. Taking into account the fractal spectrum and the duality symmetry, we can write 
the sequence: 

4 19 34 15 26 11 18 25 7 24 17 10 23 

t y y ^ t y t y ^ y ~^ 2 ~* y ^ y ~^ y ^ y^ 

13 29 16 3 14 25 11 19 8 13 18 23 28 

y^y^y^ i ^ y ^ y ^ y^y^3^y^y^ y ^ u ~* 

33 5 32 27 22 17 12 7 16 9 20 11 2 

13 ^ 2 ^ 13 ^ it ^ y ^ y ^ y ^ 3 ^ y ^ 4 ^ y ^ y ^ i ~* 

15 43 28 13 11 9 16 7 19 12 17 5 8 

y 23 15 ^ y ^ y ^ 5 ^ y ^ i^Ti^y^To^ 3^ 5^ 

11 14 17 20 3 19 16 13 10 7 4 13 9 

y ^ y ^ it ^ 13 ^ 2 ^ 13 ^ it ^ y ^ y ^ 5 ^ 3^10^ 7^ 

14 5 11 6 7 8 17 26 9 1 8 15 7 

IT^4^y^5^ 6^7^ 15^23^8^1 ^ 9 ^ 17 ^ 8 ^ 

13 6 11 16 5 19 14 9 22 13 17 21 25 

15^7^13^19^6^23^ 17 IT ^ 27 ^ 16 ^ 21 ^ 26 ^ 31 ^ 

4 23 19 15 11 18 7 10 13 16 19 3 17 

5^29^24^19^14^23^ 9^13^17^21^25^4^23^ 

14 11 8 5 12 7 16 9 20 11 24 13 2 

19 ^ 15 ~* IT 7 ^ 17^10^ 23^13^29^16^35^19^ 3 ~ 
11 20 9 16 7 12 17 5 18 13 8 3 16 

^^31^14^25^11^19^ 27 ^ 8 ^ 29 ^ 21 ^ 13 ^ 5 ^ 27 ~ 
29 13 23 10 17 24 7 25 18 11 4 21 38 

49^22^39^17^29^41^ 12 ^ 43 ^ 31 ^ 19 ^ 7 ^ 37 ^ 67 ~ 
17 30 13 22 31 9 32 23 14 5 6 7 8 

30^53^23^39^55^16^ 57 ^ 41 ^ 25 ^ 9 ^ 11 ^ 13 ^ 15 ~ 

9 10 11 1 10 9 8 7 6 5 4 11 18 

17^19^21^2^ 21 ^ 19 ^ 17 ^ 15 ^ 13 IT ^ 9 ^ 25 ^ 41 " 
25 7 24 17 10 23 13 29 16 3 8 13 18 

57^16^55^39^23^ 53^30^67^37^ 7 ^ 19 ^ 31 ^ 43 ~ 

5 17 12 7 16 9 20 11 2 5 8 11 3 

12^41^29^17^39^ 22 ^ 49 ^ 27 ^ 5 ^ 13 ^ 21 ^ 29 ^ 8 ~ 

10 7495 11 6 16 11 594 

27^19^11^25^14^ 31 ^ 17 ^ 3 ^ 19^35^16^29^13" 
7352 3 45616543 

23^10^17^7^ IT ^ 15 19 ^ 23 ~* 4 ~" 25 ~* 21 17 ^ 13 " 

2 5345616 54352 

9^ 23 14 ^ 19 ^ 24 ^ 29 ^ 5 31 ^ 26 ^ 21 ^ 16 ^ 27 IT " 

3 4 1 3 2 1 2 1 2 1 

17^23^6^19^13^ 7^15^8^17^ 9' 
Thus, we identify dual pairs of filling factors observed 



(17) 
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and other ones to be verified as 




Here, we observe that our approach, in terms of fractal sets of dual topological filling 
factors, embodies the structure of the modular group as discussed in the literature [7,28] 
and the quantum Hall transitions satisfy some properties related with the Farey sequences 
of rational numbers. The transitions allowed are those generated by the condition | p 2 qi — 
V1Q.2 |= 1, with v\ — 2i and u 2 = ^. In [28] the properties of integer and fractional quantum 
Hall effect were considered in terms of a subgroup of the modular group SL(2, Z), such that 
the group acts on the upper-half complex plane parameterised by a complex conductivity and 
so generates the phase diagram of the quantum Hall effect. The rules obtained there are the 
same that our formulation [7] has extracted with the bonus that we define the universality 
classes of the quantum Hall transitions in terms of fractal sets labelled by a fractal parameter, 
besides all our theoretical description which consider the Hall states modelled by systems of 
fractons with a specific value of spin. 

We verify distinct possible transitions for the FQHE and we define families of universality 
classes to them, for example, we have the groups: 



Group I 

fl 9 11 19 1 f 2 16 20 34 j fl 7 9 

15' 5' I'l'" J fc= 9 \9' ¥' ??" J^is 14' 4' 4' 



, ,. - 4' \ h i 

2 12 16 26 l fl 5 7 11 1 (2 8 12 18 



7' 7 ' 7 ' 7 ' ) h =f l3'3'3'3' J ft= | 15'5'5'5' 
3 11 17 25 1 fl 3 5 7 1 f4 10 18 24 



[2 


16 20 34 


19' 


¥'¥'¥'' 




5 7 11 




3'3'T'" 




3 5 7 




2'2' 2'"'. 




4 8 10 


{§• 


3'3'T'" 




11 25 29 


{I 


T'T'T' 
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7' 7' 7' 7' K=» 12'2'2'2' J h= | 17'7'7'7 
3 7 13 17 1 f2 4 8 10 1 f5 9 21 23 



5'5'5'5' J ft= 6 l9'9'9'9' J h= " U'4'4'4' i^=| 

5 9 4 



- (20) 



5 7 5'5 7 5' ) h= r 1 3 7 3 7 3 7 3 7 J fc= | 1 7 7 7'7 7 7 7 J ft =» 

J3 5 11 13 1 J7 11 25 29 1 J4 6 14 16 1 

II' I' T'T'" 7h=| ^ 19' T' T'T'" J h= n ^ 15' 5'T'T'" K = 

Group II 

f4 6 14 16 1 (7 11 25 29 1 (3 5 11 13 
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5 9 19 23 
7'7'T'T'" 

4 10 18 24 
7'T'T'T'' 
7 19 33 45 
13' 13' 13' 13' 

5 17 27 39 



f 5 17 27 39 1 

J2 8 12 18 1 
l5'5'T' T' ""/„=# ~" 



•1 7 9 15 
,4'4'4'T' 



2 4 8 10 
3'3'3'T' Jh=i 
5 13 23 31 
9' "9~'T' Y 
13 5 7 
2'2'2'2' )h 
•4 14 22 32 



fl 3 5 7 
12' 2' 2' 2' 
J4 14 22 32 ) 
l9'"9"'T'"9"'"K = i4 

1 5 7 11 1 
3' 3' 3'T'" J /, 

2 16 20 34 



9' 9 ' 9 ' 9 



3 7 13 17 
5'5'T'T' ' 
6 16 28 38 
IT' IT' IT' IT 



1 9 11 19 

5'5'T' ~5~' 



/i=— 



f 6 20 32 46 
113' 13' 13' 13' 
J3 11 17 25 1 

17' Y'ry'tn 

f 2 12 16 26 1 
17' T'T'T' ""Jft=« 



(21) 
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Group III 

fl 15 17 31 1 f 3 43 49 89 1 f 2 28 32 58 j 

18' Y' Y' Y' " J h=f 123' 23' 23' 23' " ) h =M ~" 1 15' 15' 15' 15' " 7 ft 

fl 13 15 27 1 fl 11 13 23 1 

i7' y y ' y ' " k=m ~" u'???" 



_ M 
23 ' " 15 



1 9 11 19 

5'5'T'T ' 

2 16 20 34 ; (17 9 15 | f 3 19 25 41 

9' Y' Y ' IP " 7 h=f ~* l4'4'4'T'"7ft=5 _> III' IT' IT' IT' i, - 

2 12 16 26 1 f 3 17 23 37 1 f 1 5 7 11 

7' Y' Y' Y' " 7h=f ~^ 1 10' 10' 10' 10' " J h=ir ^ 13' 3' 3' T' " ' 
2 8 12 18 1 f3 11 17 25 1 J4 14 22 32 

5' 5' y y " n=| ^ ir y y y " j ft= u ^ \9> y y y 

5 17 27 39 1 5 f 6 20 32 46 1 fl 3 5 7 



f 5 17 27 39 1 f 6 20 32 46 1 fl 3 5 7 1 

III' IT' IT' IT' " 7^=12 ^ 1 13' 13' 13' 13' " J h=22 ^ 12' 2' 2' 2' " K= 



^3 

7 19 33 45 1 r 6 16 28 38 1 f 5 13 23 31 1 

13' 13' 13' 13' " ^ III' IT' IT' IT' " 7h=i« ~^ 19' Y' Y' Y' " h=f 

4 10 18 24 1 J3 7 13 17 1 (2 4 8 10 

7' Y' Y' Y' " 7h=^ 15' 5' Y ' Y' " K=| ^ 13' 3' 3' Y' " j h -_. 
7 13 27 33 1 f5 9 19 23 1 f 8 14 30 36 
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10' 10' 10' 10' J ft= i3 17'7'7'7' J h= £ 111' 11' 11' 11 

" 10 7 '"11 

3 5 11 13 l f 7 11 25 29 i f4 6 14 16 1 



4'4'4'4' ) h =± l9'9'9'9' U=ii 15' 5' 5 ' 5 



9 "5 



f5 7 17 19 1 J6 8 20 22 1 f 13 17 43 47 1 

i6' e' y y " n=? ~" irryy" k=i ~* iy y y y " '/ * 



7 ' " 15 



20 26 66 72 1 J 7 9 23 25 

23'23' 23' 23'" 7h=as ^ l8'8'Y'Y'" i^i' 



(22) 
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Groupo IV 

(8 10 26 28 1 f 15 19 49 53 1 f7 9 23 25 1 

19' Y' "9"' Y' " h=f ~* 117' 17' 17' 17' " 7h=w 18' 8' Y' Y' " '//,=§ ^ 

f 13 17 43 47 1 (6 8 20 22 1 r 11 15 37 41 1 

1 15' 15' 15' 15' " J fc=az ^ 17' 7' Y' Y' " 7h=# ^ 113' 13' 13' 13' " 7 h=g 



16 22 54 60 1 f5 7 17 19 1 f 19 27 65 73 



19' 19' 19' 19' h= ™ l6'6'6'6' h= i 123' 23' 23' 23' 

19 6 

14 20 48 54 1 f 9 13 31 35 1 (22 32 76 86 



h= — 



17' 17' 17' 17' J ft= fo 111' 11' 11' 11' J ,,= 13 127' 27' 27' 27' 

f 13 19 45 51 1 f 17 25 59 67 1 f 21 31 73 83 

116' 16' 16' 16' " ) h =$ ^ 121' 21' 21' 21' " Jh=§5 ^ 1 26' 26' 26' 26' ' 

r 25 37 87 99 1 f4 6 14 16 1 " f23 35 81 93 | 

131' 31' 31' 31' " J h=|7 \ 5' 5' Y' Y' " J h=6 ~" \ 29' 29' 29' 29' " ) h =% 

31 5 29 

19 29 67 77 1 f 15 23 53 61 1 f 11 17 39 45 



™ 26 



24' 24' 24' 24' ) h= ™ 1 19' 19' 19' 19' K=f§ 1 14' 14' 14' 14 
18 28 64 74 1 (7 11 25 29 1 f 10 16 36 42 



23'23'23'23' J 19' 9 ' 9 ' 9 ' 1 13' 13' 13' 13' 

13 21 47 55 1 f 16 26 58 68 1 f 19 31 69 81 

17' 17' 17' 17' " 7fc=ai ^ 121' 21' 21' 21' " //>=§ ^ 1 25' 25' 25' 25' ' 

3 5 11 13 1 f 17 29 63 75 1 J 14 24 52 62 

4'4'T'T'" 7ft=| ^ 123' 23' 23' 23'" U=|| ^ 1 19' 19' 19' 19' , , _ 

r 11 19 41 49 1 f 8 14 30 36 1 r5 9 19 23 1 

lis' Is' Is' is' " \L=±§ ITT' IT' IT' IT' " 7h=ii ^ IT' 7' Y' Y' " h 
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12 22 46 56 1 f 7 13 27 33 1 f 16 30 62 76 



17' 17' 17' 17' h= ™ 1 10' 10' 10' 10' J h=is 123' 23' 23' 23' 

" 17 10 

9 17 35 43 1 f 20 38 78 96 1 f 11 21 43 53 

lY 13' 13' 13' " 7ft=ii ~^ 129' 29' 29' 29' " } h =§ ~* ll6' 16' 1~6' T~6 ! 

24 46 94 116 1 f 13 25 51 63 1 f2 4 8 10 



35'35'35'35' h =^ 1 19' 19' 19' 19' ) h =*> U'3'3'3' J h =± 

35 19 3 

r 11 23 45 57 1 f 20 42 82 104 ] f 9 19 37 47 



117' 17' 17' 17' ) h =% 1 31' 31' 31' 31 ' ) h =§ 1 14' 14' 14' 14' > h -_^ 

rl6 346684 1 /Y 1^ ^ ^ \ fl2 265064 1 

125' 25' 25' 25' " ) h =% ~* ITT' IT' H' IT' " 7a=« 1 19' 19' 19' 19' " K=f§ 

17 37 71 91 1 f5 11 21 27 1 f 18 40 76 98 1 

27' 27' 27' 27' " h=§ ~* 18' Y' Y' Y' " ^ 129' 29' 29' 29' " 7h=g 

13 29 55 71 1 f 8 18 34 44 1 (3 7 13 17 



21' 21' 21' 21' ) h =§ 113 13 13 13 J ^=i| 15 5 5 5 J h =\ 
16 38 70 92 1 f 29 69 127 167 1 f 13 31 57 75 1° 



27'27'27'27' ) h= ™ 149' 49' 49 ' 49 ' ) h= ™ 1 22' 22' 22' 22' J fc= 3i 

27 49 22 
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23 55 
39' 39' 

24 58 
41' 41' 
18 44 
31' 31' 
21 53 
37' 37' 

30 76 
53' 53' 

31 79 



'A 113 



39' 39 ' 
106 140 
IP IP 
80 106 



h= — 



31' 31 ' 
95 127 



37' 37 ' 
136 182 
TT'TT' 
141 189 



'** EE 



f 6 16 28 38 

I TT'TT' TT'TT 



23 59 
41 '41 
6 16 

TT'TT' 

9 25 
17' 17' 

I 3 5 
2' 2' 2' 

8 26 
17' 17' 

5 17 

TT'TT' 

18 64 
41' 41' 

24 86 
55' 55' 
23 83 
53' 53' 

16 58 
37' 37' 
13 49 
31' 31' 

17 65 
41' 41' 
16 62 
39' 39' 

II 43 
27' 27' 



105 141 

IP IP 

28 38 

TT'TT'" 

43 59 
TT TT" 

2'"'L 
42 60 
17' 17'" 
27 39 

TT'TT'" 

100 146 

IP IT 

134 196 
TT'TT 
129 189 
TT'TT 
90 132 
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37 37 
75 101 



/i-§2 

" _ 53 



31' 31 ' 
99 147 



41' 41 ' 
94 140 



h — 22 



39' 39 ' 
65 97 
27' 27'" 



J /i-S2 I 

n ~37 



10 24 44 58 
17' 17' 17' 17' " 
7 17 31 41 
12' 12' 12' 12' " 

11 27 49 65 
19' 19' 19' 19' " 
38 96 172 230 



UT 



/l=52 



43' 43' 43 ' 43 
12 46 70 104 
29' 29' 29' TP 
9 35 53 79 
22' 22' 22' 22' ' 
2 8 12 18 
5'5'T' T'"' 



67' 67' 67 ' 67 ' 

13 33 59 79 
23' 23' 23' 23' " 
9 23 41 65 
16' 16' 16' 16' " 

14 36 64 86 
25' 25' 25' 25' " 
7 19 33 45 
13' 13' 13' 13' " 
10 28 48 66 
19' 19' 19' 19' " 
10 32 52 74 
21' 21' 21' 21'"' 
7 23 37 53 
15' 15' 15' 15' " 
4 14 22 32 
9'T'T'T'" 
25 89 139 203 
57' 57' "57"' "57"' 
17 61 95 139 



h-22 



11 — 1 a 



a 57 



39' 39' 39' 39 ' 
13 47 73 107 
30' 30' 30' lo"' ' 
3 11 17 25 
7'T'T'T'"' 
18 68 104 154 



" 30 



"—29 



17 41 75 99 
29' 29' 29' 29'" 
25 61 111 147 
43' 43' "43"' IT 

4 10 18 24 
7'T'T'T'" 
17 43 77 103 
30' 30' 30' lo"' ' 
32 56 100 134 
39' 39' ~39~' "39"' 
32 82 146 196 
57' 57' TT'TT' 

5 13 23 31 

9'T'T'T'' 

8 22 38 52 
TT 15' 15' 15' " ' 
11 31 53 73 
21' 21' 21' 21' " ' 
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III. FINAL REMARKS 



We have verified that our approach to the FQHE reproduces all experimental data and 
can predicting the occurrence of this phenomenon for other filling factors. According to 
our formulation, the topological character of these quantum numbers is related with the 
Hausdorff dimension of the quantum paths of fractons. For that, we have obtained a physical 
analogous to the mathematical one formula of the Hausdorff dimension associated with 
fractal curves. The FQHE occurs in pairs of dual topological quantum numbers filling 
factors. The foundational basis of our theoretical formulation is free of any empirical formula 
and this characteristic constitutes the great difference between our insight and others of the 
literature. The filling factors are obtained from first-principles and the quantum Hall states 
are modelled by fractons which carry rational or irrational values of spin and satisfy a 
fractal distribution function associated with a fractal von Neumann entropy. Also these 
objects satisfy a fractal-deformed Heisenberg algebra [8]. Therefore, the physical scenario 
takes place, i. e., the thermodynamical properties of such systems can be investigated. 

We emphasize that our approach is supported by symmetry principles such as: mir- 
ror symmetry behind the fractal spectrum, duality symmetry between universal classes of 
particles, fractal supersymmetry, modular group behind the universality classes of the quan- 
tum Hall transitions. Besides these robust arguments given that the symmetry groups have 
great importance for understanding the physical theories even before any dynamics, we have 
established a connection between physics, fractal geometry and number theory. We have 
also obtained the results [7-15]: a relation between the fractal parameter and the Rogers 
dilogarithm function, through the concept of fractal index, which is defined in terms of the 
partition function associated with each universal class of particles; a connection between the 
fractal parameter and the Farey sequences of rational numbers. Farey series F n of order n 
is the increasing sequence of irreducible fractions in the range — 1 whose denominators do 
not exceed n. We have the following 

Theorem [12]: The elements of the Farey series F n of the order n, belong to the fractal 
sets, whose Hausdorff dimensions are the second fractions of the fractal sets. The Hausdorff 
dimension has values within the interval 1 < h < 2 and these ones are associated with fractal 
curves. 

Along this discussion we have obtained fractal sets of dual topological quantum num- 
bers filling factors associated with the FQHE. The universality classes of the quantum Hall 
transitions were established and the fractal geometry of nature in this context is manifest 
in a simple and intuitive way. We believe that our formulation sheds some light on that 
phenomenon. 

Finally, on the one hand, we know that the Farey sequences are related with the Riemann 
hypothesis [29] and on the other hand, we have established a connection between FQHE, 
fractal geometry and Farey sequences. So, we can conjecture if the FQHE is a convenient 
physical system for we take into account in a possible prove about the non-trivial zeros of 
the Riemann zeta function which states that they lie on the critical line Re(z) = 1/2. 
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